Xiao et al., 1998), have dispelled any remaining notion that channels might float freely in the membrane lipid.
Introduction baits in yeast two-hybrid screens, and two novel proteins that interact with and modulate dSlo have been Modulation of membrane ion channels is of fundamental identified (Schopperle et al., 1998; Xia et al., 1998b) . We importance for the regulation of neuronal excitability, have named one of these proteins Slob, for Slowpokesynaptic transmission, and neuronal plasticity. It is wellbinding protein.
established that both ligand-gated and voltage-depen-
To investigate further the function of Slob, we have dent ion channels are important targets for protein used it as bait in another yeast two-hybrid screen. We kinases, phosphatases, and other signaling proteins show here that this screen identifies the isoform of (Swope et al., 1992; Catterall, 1993; Levitan, 1994) . More 14-3-3 as a Slob-binding protein and that dSlo, Slob, recently, it has become evident that some ion channels and 14-3-3 interact in Drosophila tissues as well as in bind directly to signaling proteins that modulate channel transfected cells. The 14-3-3 proteins were first identiproperties ( recently has their function begun to be investigated. It Xia et al., 1998a Xia et al., , 1998b . These findings, together with is becoming apparent that they may participate in cell the emerging recognition that scaffolding proteins of cycle control, apoptosis, and in multiple signal transducvarious types can cause ion channels to localize and tion pathways by acting as scaffolds for and regulators cluster at appropriate locations in the plasma membrane of signaling proteins such as protein kinases (Morrison, may result from its interaction with potassium channels. interact with other proteins and bring them into a complex with the channel, cDNA encoding the complete amino acid sequence of Slob was used as bait in a yeast Slob are expressed together in the tsA201 mammalian two-hybrid screen (Fields and Song, 1989). Approxicell line (Margolskee et al., 1993) and 14-3-3 is immunomately 2,000,000 transformed yeast colonies were precipitated, Slob can be detected in the immunoprecipscreened, and 91 positive colonies were identified on itate ( Figure 1A , lane 1). In contrast, when 14-3-3 is the second day. Of the 15 colonies that were confirmed coexpressed with dSlo, little dSlo coimmunoprecipias true positives by more stringent genetic testing, 2 tates with 14-3-3 ( Figure 1B , lane 2), indicating that contained cDNA inserts encoding the isoform of Drothese two proteins do not interact directly. However, sophila 14-3-3 (Swanson and Ganguly, 1992) . Note that the amount of 14-3-3 in the immunoprecipitate To test further the suggestion from the yeast two-hybrid is very similar under all the transfection conditions used screen that 14-3-3 binds to Slob, coimmunoprecipitation experiments were carried out. When 14-3-3 and ( Figure 1C ). These results demonstrate clearly that 14- Figure 2C ). dSlo, Slob, and tion of these motifs in 14-3-3 binding by mutating the second serine in each motif (S54 and S79) to alanine. 14-3-3 thus interact in an immunoprecipitating complex not only in transfected cells but also in Drosophila.
As shown in Figure such enhancement by CaMKII is observed when a S54A/ S79A mutant GST-Slob is used ( Figure 5A , top panel, lanes 3 and 4), consistent with the idea that phosphoryla-(CaMKII). To determine whether serine phosphorylation is important for the binding interaction, we mixed glutation of one or both of these serines in Slob is necessary for its binding to 14-3-3. The enhancement by phosthione S-transferase-(GST-) Slob fusion protein (expressed in and purified from bacteria) with 14-3-3 (from phorylation appears to be specific for CaMKII, because phosphorylation of wild-type or mutant Slob by the cataa tsA201 cell lysate) and immunoprecipitated 14-3-3. The GST-Slob was either unphosphorylated or phoslytic subunit of cyclic AMP-dependent protein kinase does not influence 14-3-3 binding (data not shown). phorylated by incubating with purified CaMKII and ATP prior to the mixing and pulldown. As shown in Figure  5A , top panel, only background amounts of GST-Slob Dynamic Regulation of Slob/14-3-3 Binding in Drosophila can be detected in the 14-3-3 immunoprecipitate when unphosphorylated GST-Slob is used ( Figure 5A, lane 1) .
To test the hypothesis that the interaction of Slob and 14-3-3 might be regulated dynamically by phosphorylaWhen GST-Slob is phosphorylated by CaMKII prior to mixing with 14-3-3, GST-Slob is present in the 14-3-3 tion in the fly, we used transgenic Drosophila that exhibit either higher or lower CaMKII activity than wild-type immunoprecipitate ( Figure 5A, lane 2) , indicating that patches from cells expressing dSlo and Slob (n ϭ 4), but only 0.29 Ϯ 0.09 in patches from cells expressing dSlo, Slob, and 14-3-3 (n ϭ 5). Thus, the dSlo current 14-3-3 Modulates dSlo via Slob dSlo channel activity was examined in detached memevoked by depolarization to ϩ30 mV is inhibited about 65% by 14-3-3. To determine whether 14-3-3 binding brane patches from transfected tsA201 cells to test the possibility that the channel might be modulated by 14-to Slob is required for this effect, dSlo and 14-3-3 were coexpressed with the S54A/S79A mutant Slob that can 3-3. dSlo-green fluorescent protein (-GFP) and 14-3-3-blue fluorescent protein (-BFP) constructs were used in bind dSlo but does not bind to 14-3-3 (see Figure 4) . As shown in Figure 6A (trace v), dSlo current in patches the experiments shown here (see Experimental Procedures), and patch recording was done only on cells from these cells (G Rel , 0.82 Ϯ 0.03; n ϭ 6) is essentially identical to that found in patches from cells transfected with dSlo and Slob ( Figure 6A, trace iii) . Thus, the effect of 14-3-3 on dSlo current must be via Slob.
To investigate the mechanism of this modulation, we examined the voltage dependence of dSlo channel activity. Figure 6B , left, repeats traces iv and v from Figure  6A , aligned to emphasize the 14-3-3-elicited decrease in current amplitude, at a pulse potential of ϩ30 mV, mediated by wild-type but not mutant Slob. However, when the depolarizing pulse is increased to ϩ130 mV, the current amplitude is the same whether wild-type ( Figure 6B, trace iv) pressed with Slob. These suggestions that Slob might be a multifuncWe showed previously that Slob can have several different effects on dSlo channels (Schopperle et al., tional channel binding protein prompted us to ask whether it might also act as a scaffold for bringing other 1998). When dSlo and Slob are coexpressed in tsA201 cells, they colocalize and redistribute into large intracelmodulatory proteins in contact with dSlo. We were surprised and intrigued to find that Slob binds tightly to lular structures of unknown function. Although caution must be exercised in the interpretation of results from the isoform of Drosophila 14-3-3 and that these two proteins participate with the channel in an immunoprea heterologous expression system, it is possible that Slob plays some role in channel expression, processing, cipitating complex in native tissue as well as in a heterologous expression system. We found also that the sensimembrane targeting, or turnover. Slob can also influence dSlo channel activity acutely when it is applied to tivity of dSlo to voltage is modulated dramatically by 14-3-3, acting via Slob. A shift of this magnitude in the intracellular face of detached membrane patches. 
